In the metameric CNS of leeches, identified neurons occupy highly stereotyped positions in each segmental ganglion. Although many of the neural precursor cells arise near their definitive positions, some arise outside the prospective domain of the segmental ganglia and thus must migrate into the CNS. Here, we report the results of an analysis of the role of cell migration in gangliogenesis in the leech Theromyzon rude. Segmental ganglia of the ventral nerve cord arise as laterally thickened sheets of tissue lying astride the ventral midline. Particular identified circular and longitudinal muscle fibers, visualized by indirect immunofluorescence using a monoclonal antibody against leech muscle, outline the presumptive ganglionic territories even before the ganglionic rudiments become morphologically distinct and serve as anatomical landmarhs to which the cell movements are related. Cell lineage tracers microinjected into precursor blastomeres are used to visualize migratory cells. Small groups of neural precursor cells that arise outside the prospective ganglionic territories migrate with stereotyped timing along stereotyped pathways to reach their definitive positions, and each group of migratory cells gives rise to a stereotyped subset of the cells in a ganglion. No segmental or regional differences are observed in any aspect of cell migration studied here, supporting the view that segmental differences in the architecture of the leech CNS arise only after the initial condensation of the ganglionic rudiments.
The highly stereotyped CNS of the leech consists of an anterior, presegmental supraesophageal ganglion and a ventral nerve cord comprising a chain of 32 segmental ganglia interlinked via longitudinal connective nerves (Mann, 1962; Muller et al., 1981) . To a first approximation the segmental ganglia are anatomically alike and contain homologous complements of cells, although there are regional divergences from the basic pattern. Many of the approximately 400 serially homologous neurons in each segmental ganglion (Macagno, 1980) have been individually identified (Muller et al., 198 1) . From ganglion to ganglion and leech to leech, each identified neuron has a characteristic position, morphology, projection pattern, and physiological function.
The PNS of the leech is similarly stereotyped, although less well characterized. It consists of a bilaterally symmetrical and segmentally iterated system of 4 major circumferential nerve trunks and their branches, which contain both the centrifugal axons of neurons situated in the CNS and the centripetal axons of neurons situated in the periphery. Some of the peripheral neurons have been identified (Blackshaw et al., 1982; Blair, 1983; Rude, 1969; Stuart et al., 1986; Weisblat and Shankland, 1985) .
The development of the leech nervous system is as stereotyped as its adult architecture. The sequence of embryonic cell divisions is highly determinate, and developmental cell lineage analyses in the glossiphoniid leeches Helobdella triserialis and Haementeria ghilianii have shown that each of the major ectodermal and mesodermal precursor blastomeres contributes a stereotyped subset of the cells in each segmental ganglion, as well as in the periphery of each segment (Kramer and Weisblat, 1985; Weisblat et al., 1978 Weisblat et al., , 1980a Weisblat et al., , 1984 .
Although the pattern of cell divisions in leech embryogenesis causes many cells to arise near the sites of their ultimate differentiation (Stent, 1985; Stent et al., in press ), some precursors of neurons and glia of the CNS do arise outside the prospective domain of the ventral nerve cord and must migrate centripetally to enter the CNS . By "migration" we mean that cells abandon one set of cellular neighbors and move through adjacent tissues to a destination where they acquire another set of cellular neighbors.
This report presents the results of a study of the role of cell migration in the development of the CNS of the glossiphoniid leech Theromyzon rude, using cell lineage tracer techniques. We show that small groups of neural precursor cells that arise outside the prospective domain of the ventral nerve cord migrate centripetally along stereotyped pathways and with stereotyped timing to reach their definitive locations in and near the segmental ganglia. For this purpose, we refer to the gridlike pattern of differentiating body-wall muscle fibers, which provide anatomical landmarks to which the observed cellular movements are related. These results are likely to apply to H. triserialis and H. ghilianii as well as to T. rude, since we find that the developmental cell lineage patterns of the 4 major ectodermal cell lines in T. rude, which had not previously been described, are nearly identical to the patterns previously described in the other two glossiphoniid species.
Summary of Development
The embryonic development of T. rude is similar to that of other glossiphoniid species (Femandez, 1980; Femandez and Olea, 1982; Femandez and Stent, 1980; Stent et al., 1982, in press; Weisblat, 198 1) . Among the progeny of the determinate, asymmetrical early cleavages are 5 bilateral pairs of large cells called teloblasts, of which 4 pairs are the precursors of the definitive ectoderm and the 5th pair is the precursor of the mesoderm. During embryonic stage 7, each teloblast buds off a series of several dozen smaller primary blast cells, which form a longitudinal row, or bandlet. The 4 ectodermal precursor bandlets on each side of the embryo are designated n, o, p and q, and the mesodermal precursor bandlet on each side is designated m. Within each bandlet, the firstborn and developmentally oldest blast cells are located at the anterior end, and their mitotic progeny will contribute to the anteriormost segments of the body. Progressively younger blast cells are located progressively more posteriorly in the bandlet and will contribute their progeny to correspondingly more posterior segments. In accord with this anterior-to-posterior gradient of decreasing blast cell age, any given developmental event occurs first in the anteriormost segments and progressively later in progressively more posterior segments. Each embryo thus provides an orderly and finely graded series of developmental substages, in which the embryo's longitudinal axis is equivalent to a developmental time axis from which sequential developmental events may be inferred.
A complex series of morphogenetic movements of the 5 bilateral pairs ofbandlets during stage 8 results in their coalescence along the future ventral midline to form the primordium of the body wall and nervous system: the germinal plate. During stage 9 the primordia of the organs of the body wall and nervous system, including the segmental ganglia of the ventral nerve cord, appear in the germinal plate, and it is during this stage that the cell migrations to be described in this paper take place. During stage 10 the germinal plate expands circumferentially to cover the entire surface of the embryo and enclose the tubular body of the leech.
Materials
and Methods
Specimens
Gravid specimens of T. rude were collected from the lakes of Golden Gate Park, San Francisco, California, and maintained at 12-14°C in small glass bowls in a dilute solution of Instant Ocean artificial sea salts (0.38 gm/liter). Each gravid leech produces a clutch of 50-150 eggs, deposited in a cluster of 2-7 egg cases attached to the glass of the bowl.
Embryos were removed from their egg cases and cultured at 18 or 12°C in a medium containing 4.8 mM NaCl, 1.2 mM KCl, 2.0 mM MgCl,, 8.0 mM CaCl,, and 1 .O mM maleic acid, adjusted to pH 6.6 (Weisblat et al., 1980a) . The embryonic staging system used here is that of Fernandez (1980) as revised by Weisblat et al. (198Oa) .
We follow the convention whereby a segment is defined as the anatomical unit associated with one of the individual ganglia of the (embryonic) ventral nerve cord (Mann, 1953; Weisblat and Shankland, 1985) . Body segments are numbered consecutively, I-XxX11, anterior to posterior (Mann, 1962) , without regard to regional specializations of the nerve cord. The traditional Roman numerals are used to distinguish this enumeration system from the system using Arabic numerals, which numbers only "abdominal" segments containing discrete, unfused segmental ganglia. Abdominal ganglion 1 according to the latter system lies in segment V according to the system used here.
Cell lineage tracing
Early embryonic blastomeres were injected with fluorescent cell lineage tracer molecules as described previously for embryos of H. triserialis (Weisblat et al., 1980b) . The embryos were then allowed to develop to appropriate stages and fixed as described below. Injection solutions consisted of 75 mg/ml tetramethylrhodamine-dextran-amine (RDA) or fluorescein-dextran-amine (FDA) (Gimlich and Braun, 1985) and 10 mg/ml Fast green dissolved in 200 mM KCl.
Fixation and dissection
Embryos labeled with fluorescent lineage tracers and embryos to be stained by indirect immunofluorescence (see below) were fixed overnight at 4°C in 2.8% formalin in 50 mM HEPES buffer, pH 7.4, supplemented with 5 &ml of the DNA-specific, fluorescent dye Hoechst 33258 (Calbiochemor Aldrich). After fixation the embryos were rinsed in a buffkred saline (HBS) containina 50 mM HEPES. 145 mM NaCl. and 15 mM NaN,, pH 7:4. Embryosimmersed in HBS were pinned out on Sylgard, and a longitudinal incision was made along the dorsal midline to allow the central mass of yolk to be teased out.
Indirect immunofluorescence labeling
Embryonic muscle fibers were stained by indirect immunofluorescence using a mouse monoclonal antibody directed against leech muscle (Ian 3-14; Zipser and McKay, 198 l) , which was generously provided to us by Dr. B. Zipser. Fixed and dissected embryos were incubated overnight in HBS containing Ian 3-14 ascites fluid (1: lOOO), 2% Triton X-100, and 1% whole goat serum (Cappel), then rinsed in HBS containing 2% Triton X-100 and 3% goat serum, and stained overnight in HBS containing fluorescein-conjugated goat anti-mouse serum-(GAM, Cappel, 1:200) or rhodamine-coniuaated GAM (Cannel. 1:400). 2% Triton X-100. and 3% goat serum. After ltaining, the'preparations were rinsed several times, first in HBS with 2% Triton X-100 and 3% goat serum, then in HBS alone, before being mounted for observation. All steps were performed at 4°C.
Microscopy Whole mounts
Dissected embryos labeled with fluorescent cell lineage tracers or stained by indirect immunofluorescence were cleared and mounted flat between coverslips in a mixture composed of 80% glycerol and 20% 100 mM TRIS-HCl buffer, pH 9, with 40 mg/ml n-propyl gallate added to retard photobleaching of the fluorophores (Giloh and Sedat, 1982 exposures, using first the filter set appropriate for one of the labels, then the filter set appropriate for the other label. Micrographs were printed from the color transparencies onto Kodak Panalure panchromatic enlarging paper; in the resulting negative images, fluorescence is rendered dark against a light background (Figs. 4, 6-8 ).
Sections
Embryos were fixed for 2.5 hr, on ice, in half-strength Kamovsky's (1965) fixative (final concentrations: 2% paraformaldehyde, 2.5% glutaraldehyde, 1 mM CaCl,, and 50 mM sodium cacodylate buffer, pH 7.4), rinsed briefly in the following secondary fixative, postfixed for 1 hr, on ice, in 1% 0~0, in 50 mM sodium cacodylate buffer, pH 7.4, dehydrated in isopropanol (Torrence and Cloney, 198 l) , cleared in propylene oxide, and embedded in EMBED 8 12 (EMS). One micrometer sections were cut on glass knives, stained with an aqueous solution of 5 mg/ml methylene blue, 5 mg/ml toluidine blue, and 5 mg/ml sodium borate, and photographed on Kodak Technical Pan Film 24 15 with a green interference filter to enhance sharpness and contrast.
Results
Organization of the germinal plate Early germinal plate Early in stage 9, before cell migration has begun, the germinal plate is a strip of tissue about 250-300 pm wide and 30-40 pm thick, extending longitudinally over the ventral surface of the embryo (Fig. 1) . Within the newly coalesced germinal plate, the 4 pairs of ectodermal bandlets lie in a single layer, and on either side of the ventral midline they are arranged in the mediolateral order n, o, p, q (Figs. lB, 2). Thus, the right and left n bandlets are in contact with one another along the ventral midline, and the q bandlets lie at the lateral margins of the germinal plate. There is as yet no coherent or morphologically recognizable ganglionic rudiment (Figs. 1, 2). The right and left m bandlets lie deep to the ectodermal bandlets and are also in contact with one another along the ventral midline (Figs. lB, 2) . No coelomic cavity is yet manifest.
The germinal plate is bilaterally symmetrical; in the following, we will describe the development of only one side (i.e., one hemiplate). It should be understood that all events and structures reported here have mirror-symmetrical counterparts in the opposite hemiplate.
Late germinal plate By the end of stage 9, the germinal plate has undergone extensive rearrangements, among them the migrations to be described Vol. 6, No. 9, Sep. 1986 Although the germinal plate has increased somewhat in width from the beginning of stage 9, it is still a flat strip along the ventral aspect of the embryo, with structures at its lateral margins that are ultimately destined to lie along the dorsal midline. (It should be noted that "medial" and "lateral" are used in this paper to refer to stage 9 embryonic anatomical axes; the lateral parts of the germinal plate, which are destined to form the dorsal body wall of the juvenile leech, become reoriented during stage 10.) As the germinal plate expands during stage 10, distances between organs increase, but topographical relationships established in stage 9 are largely preserved.
Body-wall muscles as anatomical landmarks Following the migrations of neural precursors into the ganglionic rudiments requires anatomical landmarks to which the cellular movements can be related. Such landmarks are provided by the pattern of differentiating circular and longitudinal muscle fibers of the body wall. In each hemisegment of the early germinal plate, individual, identified muscle fibers differentiate in a stereotyped order and in stereotyped positions (Stuart et al., 1982; D. K. Stuart, unpublished observations) . Only a few prominent, early muscle fibers are discussed here; the complete pattern of muscle fiber differentiation will be described elsewhere. The first circular muscle fiber to differentiate in each hemisegment, designated the "primary circular" fiber (Pigs. 4B, D; 7A; 8), spans the entire distance from the ventral midline to the lateral margin of the germinal plate. This fiber marks the position of the future cleft between adjacent ganglia and defines the anterior edge of the segment.
Among the earliest longitudinal muscles to differentiate is a prominent band of fibers that lie deeper in the germinal plate (i.e., further from the epidermis) than other longitudinal fibers of the body-wall musculature. These will be referred to as the "deep longitudinal" fibers (Figs. 4B, D; 7A; 8), although later in development they will come to lie at the same depth as the rest of the longitudinal muscles.
The primary circular and deep longitudinal muscle fibers become visualizable by indirect immunofluorescence before the ganglia become morphologically distinct (Fig. 4, C, D) . When the nascent segmental ganglia do become morphologically distinct, each occupies the rectangular space bounded by 2 successive primary circular fibers and the right and left deep longitudinal fibers (Fig. 4) . Thus, these muscle fibers outline the presumptive ganglionic territory in each segment, within which the neural precursors of the ganglionic rudiment are to condense.
Gangliogenesis
At the beginning of gangliogenesis, the presumptive ganglionic territory, outlined by the primary circular and deep longitudinal muscle fibers, is occupied by a flat sheet of cells, which, when observed in whole mount, is not visibly distinct from the surrounding tissues (Fig. 4, C, D) . As cells accumulate within this territory by proliferation and centripetal migration, the lateral parts of the nascent ganglion thicken. These segmentally iterated thickenings correspond to the bilaterally paired hemiganglionic primordia that have been described previously (Femandez, 1980; Kuwada and Kramer, 1983 ). However, it should be noted that presumptive neural tissue is also present in the medial region between the lateral thickenings; the sheet of tissue is merely thinner there. The entire sheet of tissue that occupies the presumptive ganglionic territory of a single segment is referred to here as a ganglionic rudiment to distinguish it from the paired thickenings that were previously designated "ganglionic primordia."
As gangliogenesis proceeds, notches appear in the lateral margins of the sheet of presumptive neural tissue, where it overlies the primary circular muscle fibers that mark the anterior and posterior margins of the presumptive ganglionic territory. These notches between longitudinally adjacent thickenings are the incipient interganglionic clefts (Fig. 4) . Adjacent ganglia remain in contact until near the end of stage 9, when they begin to move apart from one another, linked via the lengthening longitudinal nerve fiber tracts of the connective nerves.
The presumptive ganglionic territory, bounded laterally by the deep longitudinal fibers, initially occupies somewhat less than half of the width of the germinal plate (Fig. 40, bottom) and, on each side, corresponds to a region of the embryo occupied by the n bandlet and about half of the width of the o bandlet. Neuroblasts and glioblasts that are destined for the CNS and are derived from the n and o bandlets arise predominantly within the presumptive ganglionic territory and can be incorporated directly into the ganglionic rudiments, although they must undergo substantial rearrangement to achieve their final positions and may migrate short distances within the ganglionic rudiment. The p and q bandlets, however, initially lie completely outside the presumptive ganglionic territory (Figs. 7A, 8) . Hence, neuroblasts and glioblasts that are destined for the CNS and are derived from the p and q bandlets must migrate mediad to enter the ganglionic rudiments.
Kinship group patterns To facilitate the description of cell migration, it is useful to describe the distribution of cells in early stage 10, after the migration is complete. The term "kinship group" is used here to denote the set of cells in an anatomical segment that are derived from a given bandlet, and particular kinship groups are named according to their bandlet of origin. The members of each kinship group were identified by injecting the bandlet's precursor teloblast with a fluorescent cell lineage tracer. Such a tracer is passed on to all mitotic descendants of the injected teloblast, and to no other cells (Weisblat et al., 1980a) . Thus, the distribution of cells derived from the injected teloblast's daughter bandlet was ascertained by examining the distribution of fluorescently labeled cells in stage 10 embryos.
The ectodermal kinship group patterns in early stage 10 embryos of T. rude are illustrated in Figures 5 and 6 . All cells are found on the same side of the embryo as their bandlet of origin, although many neurons have contralateral projections. These kinship group patterns are nearly identical to those previously described for H. triserialis and in the CNS of H. ghilianii (Kramer and Weisblat, 1985; Weisblat and Shankland, 1985; Weisblat et al., 1984) , and the pattern elements in T. rude have been assigned the names of their apparent homologs in these other species. In the case of the 3 dopamine-containing peripheral neurons per hemisegment-cells MD, LDl, and LD2 (Blair, 1983; Stuart, 1981 The q pattern The q kinship group pattern includes 4 distinct elements in and near the ventral nerve cord that are derived from migratory cells (Figs. 5A, 6A ). Those elements are (1) the glioblast of the ipsilateral interganglionic connective nerve, which is situated at the anterior margin of the ganglion, next to the ventral midline; (2) the AV cluster of neurons, which is situated anteroventrally within the ganglion; (3) the central neuron qz 1, which is situated laterally in the ganglion, near the site of emergence of the MA segmental nerve root; and (4) the MA cluster of 6 or 7 peripheral neurons, which is situated along the path of the MA nerve a short distance from the lateral margin of the ganglion. The dopamine-containing neuron MD is one of the cells of the MA cluster. (n, o, p. or q), a "2" to symbolize the (unknown) intermediate cell lineage, and a number. LD 1 and LD2 designate identified dopamine-containing neurons (Blair, 1983; Stuart, 1981 The remaining elements of the q kinship group pattern lie in the future dorsal body wall (Fig. 5A) . They include 4 peripheral neurons (qz4 and qz5 situated along the AA nerve, and qz6 and qz7 situated along the PP nerve) and most of the epidermis of the future dorsal body surface, including both squamous common epidermal cells and a row of 3 clusters of cuboidal cells of unknown function, called cell florets (CF4, 5, and 6).
The p pattern Within the ventral nerve cord the p kinship group pattern consists mainly of a wedge-shaped cluster of cells (Figs. 5B, 6B ). The medialmost 3 of these cells sometimes form a distinct cluster, separate from the larger main cluster; in position they correspond to neurons pzl, pz2, and pz3 of H. ghilianii (Kramer and Weisblat, 1985) . In addition, there is a single ventromedial central neuron, designated pz4, which was found to be labeled in only about half of the ganglia of embryos in which the p less advanced segments XV-XXII.
A, Formation of the segmental ganglia is well advanced. C, Ganglionic rudiments are distinctly visible in the midbody segments at the top of the micrograph but not yet in the more posterior segments at the bottom of the micrograph. B and D, Presumptive ganglionic territory is outlined by primary circular (pcm) and deep longitudinal (dim) muscle fibers, even before tlte ganglionic rudiments become morphologically distinct. dim, Deep longitudinal muscle fibers; gl and gr, left and right sides of a single ganglionic rudiment; igc, interganglionic cleft, nr, nephridial rudiment; pcm, primary circular muscle fibers. Bar, 50 pm. Vol. 6, No. 9, Sep. 1986 bandlet had been labeled on only one side of the embryo. As in H. ghilianii (Kramer and Weisblat, 1985) and H. triserialis , pz4 is probably an unpaired neuron that has an equal probability of arising from the left or from the right p bandlet in any given segment.
In the periphery, the p kinship group pattern (Figs. 5B, 6B) includes several neurons (pz5, pz6, and LDl situated along the AA nerve, pz7 and pz8 situated along the MA nerve, and pz 10 situated along the PP nerve), a large, ventral patch of squamous epidermal cells, cell florets 1 and 3, and half of cell floret 2 (which is the rudiment of the nephridiopore). Cell floret 1 (CFI; Figs. 3 , 5B, 6B) is situated at the margin of the ganglion, ventral to the site of emergence of the MA segmental nerve.
Cell migration
To follow the migration of cells from the p and q bandlets, the distribution pattern of lineage tracer-labeled cells belonging to either kinship group was examined in a series of segments of embryos at various developmental ages within stage 9.
Migrations from the q bandlet Migratory cells first appear as a medially directed protrusion from the q bandlet (Fig. 7A) . This protrusion initially consists of only 3 or 4 cells, which move mediad immediately posterior to the primary circular muscle fiber, along the path that will later be taken by the AA segmental nerve. The leading 2 cells separate from the trailing cells and quickly enter the ganglionic rudiment (Fig. 7A, hollow arrows) . The more medial of these 2 leading cells settles at the intersection of the ventral midline and the anterior margin of the segment. This is the glioblast destined for the connective nerve. As adjacent ganglia move apart later in development, this cell will give rise to the glia of the ipsilateral connective nerve between its ganglion of origin and the next anterior ganglion. The more lateral of the 2 leading cells is a neuron that settles just lateral to the connective glioblast and immediately begins to extend ipsilateral neurites anteriorly and posteriorly in the forming longitudinal fiber tracts.
The trailing group of cells follows the same lateral-to-medial path but pauses in its migration at the anterolateral margin of the ganglionic rudiment (Fig. 7A, solid arrows) . Here, the cells proliferate, as indicated by mitotic figures revealed by staining with the DNA-specific Hoechst dye. Most of the cells arising from this proliferation eventually move deep into the ganglionic rudiment. They settle near the neuron that arrived earlier and, together with that cell, constitute the AV cluster (Fig. 7B) . However, a few of the cells apparently remain outside the ganglionic rudiment and move a short distance posteriad to contribute to the MA cluster of peripheral neurons.
Another small group, initially consisting of 2 or 3 cells, migrates mediad along a second, midsegmental path, roughly halfway between successive primary circular muscle fibers (Fig. 7A,  arrowheads) . This corresponds to the path later taken by the MA segmental nerve. These cells stop their migration when they reach the margin of the ganglionic rudiment, where they contribute to the MA cluster of peripheral neurons.
It is not yet known from which group of migratory cells the central neuron qzl (Figs. 5A, 6A) is derived, but it enters the ganglion separately from the cells of the AV cluster. During the coalescence of the MA cluster, one of its more medial cells moves slightly apart from the rest of the cluster and grows a neurite medially into the ganglion. This cell is qzl (Fig. 7B) .
When the germinal plate subsequently expands during stage 10, the MA cluster gradually moves laterad, away from the nerve cord, leaving qzl behind at the margin of the ganglion. This laterad movement of the MA cluster is not a true migration, however, in that the neurons are not moving through or across 16 segments shown, migration is just beginning, while in progressively more anterior segments, migration is progressively more advanced. From the initial mediad protrusion of cells from the q bandlet, 2 cells move quickly to the ventral midline (hollow arrows) along a path just posterior to the primary circular muscle fiber (pcm). The more medial of these 2 becomes the connective glioblast (cg), while the more lateral cell becomes a neuron (cn). Another group of cells (solid arrows) subsequently follows the same path to the margin of the ganglionic rudiment (marked by the deep longitudinal muscle fibers: dim), where they proliferate. Somewhat later, a third group of cells (arrowheads) moves to the edge of the ganglionic rudiment along a somewhat more posterior path. B, Late events of migration. Single-exposure photomicrograph showing RDAlabeled, q bandlet-derived cells. Arrows indicate cells moving from the proliferating cluster at the margin of the ganglionic rudiment into the AV cluster within the ganglion. Neuron qz 1 arises from the forming MA cluster. A V, Anteroventral central neuron cluster; cg, connective glioblast; cn, central neuron; dim, deep longitudinal muscle fibers; ep, epidermis; MA, peripheral neuron cluster along the MA nerve; pcm, primary circular muscle fibers; q, q bandlet. Bar, 50 pm. Vol. 6, No. 9, Sep. 1986 Figure 8. Migration of neural precursor cells from the p bandlet toward the CNS. The left (apparent right) p bandlet @) was labeled by injection of RDA into its precursor teloblast in stage 6, the embryo was tied in early stage 9, and the muscle fibers were stained by indirect immunofluorescence using a fluorescein-conjugated second antibody. This double-exposure photomicrograph shows a negative fluorescence image of the RDA-labeled, p bandlet-derived cells superimposed on the antiother tissues to acquire new neighbors. Rather, as the germinal plate expands, the neurons of the MA cluster maintain a consistent set of associations with cell floret 2 (the nephridiopore rudiment) and with adjacent muscle fibers of the body wall, and all of these structures move away from the midline in concert.
Migration from the p bandlet All of the precursors of the p kinship group pattern elements within the ventral nerve cord enter the presumptive ganglionic territory along a single midsegmental path, approximately halfway between successive primary circular muscle fibers (Fig. 8) . These migratory cells first become visible as a medially directed protrusion from the p bandlet at about the same time that migratory q bandlet cells first protrude from their bandlet in the same segment. The protrusion from the p bandlet contains not only neural precursors destined to enter the ganglionic rudiment, but also cells destined to form cell floret 1. The precursors of cell floret 1 stop their migration near the margin of the presumptive ganglionic territory, and many of the neural precursor cells must subsequently migrate past them to enter the ganglionic rudiment.
Segmental differences Examination of embryos of various ages permits the sequence of developmental events to be observed in various body regions. Such experiments, whose results are not presented here in detail, were carried out for segments IV-XXII.
This survey did not reveal any significant regional differences in the patterns of migration of neural precursors from the q or p bandlets toward the CNS.
Discussion
In embryos of the glossiphoniid leech T. rude, the neuroblasts and glioblasts that belong to the p and q ectodermal kinship groups and are destined for the CNS arise outside the presumptive ganglionic territory. Small groups of these cells migrate from their bandlet of origin along stereotyped pathways to reach their definitive locations in and near the ganglionic rudiment, and each group of migratory cells gives rise to a stereotyped set of elements in the kinship group pattern.
The stereotypy of the migration routes and of the final cell positioning suggests that mechanisms exist that constrain migrating cells to move along appropriate paths and ensure that the migration stops when appropriate destinations are reached. Tissue interactions are known to be required for normal morphogenesis of the leech CNS. Experiments with H. triserialis, in which formation of the entire ectoderm or mesoderm was prevented on one side of the embryos, have shown that neither the ectoderm nor the mesoderm is capable of undergoing normal segmental morphogenesis in the absence of the other germ layer (Blair, 1982) . Similarly, ablation of the ectodermal n kinship group produced sporadic abnormalities in the contributions of the remaining ectodermal kinship groups to the ventral nerve cord in the affected segments . t body-labeled muscle fibers in approximately 15 segments of a wholemounted germinal plate. Anterior is uppermost, and the approximate ventral midline is indicated by a dotted line. In the posteriormost (and least developed) segments shown, migration is just beginning, while in progressively more anterior segments, migration is progressively more advanced. Migratory cells (arrowheads) appear in each segment as a medial protrusion from the p bandlet and then move mediad into the presumptive ganglionic territory outlined by the primary circular @cm) and deep longitudinal (dim) muscle fibers. At this magnification, cell floret 1 cannot be distinguished from the migratory neuroblasts. dim, Deep longitudinal muscle; p. p bandlet; pcm, primary circular muscle. Bar, 50 pm.
A variety of cell types are present along the paths of the migrating neuroblasts and glioblasts, and thus might provide guidance or positional cues. Among these are muscle fibers, differentiating peripheral neurons, and prospective epidermal cells of at least 2 types. For example, the primary circular muscle fiber and peripheral neurons ozl, pz5, pz6, and LDl are all situated along a circumferential line that corresponds to the anterior migratory path of q bandlet cells, while cell florets 1, 2, and 3 and peripheral neurons pz7 and pz8 are situated along a midsegmental, circumferential line that corresponds to the midsegmental migration path. Selective ablations of cells situated along the migration paths should provide insight into whether interactions with such cells participate in the guidance of migration or the control of final cell position.
Previous ablation experiments also suggest that the responses of migratory neuroblasts and glioblasts to the hypothetical cues provided by surrounding tissues depend on the migratory cells' own identities. If the germinal bandlet that would have given rise to the p kinship group is ablated, the remaining bandlet, which would otherwise have given rise to the o kinship group, becomes "transfated" and gives rise instead to a pattern of descendant tissues typical of the p kinship group; the o kinship group is then missing Blair, 1984, Zackson, 1984) . In order to take up the positions characteristically occupied by cells that migrate from the normal p bandlet, transfated cells must acquire not only the identities, but also the migratory properties and the hypothetical responses to positional cues that are characteristic of p kinship group cells. The results of such transfating experiments also imply that guidance cues from cells of the o kinship group are not required for migration and normal final positioning of p kinship group cells.
Migrations of neuroblasts and immature neurons play prominent roles in the development of both the CNS and PNS of vertebrates (Caviness et al., 1981; Le Douarin, 1982 Rakic, 197 1, 1972; Rakic and Sidman, 1973) . Cell migration has been accorded less prominence in descriptions of invertebrate neurogenesis, although it does play at least a minor role in several groups. In insect embryos, central neuroblasts arise in situ (Bate, 1976; Bate and Grunewald, 198 l) , but a few central neurons migrate from their birthplaces within the CNS to their definitive positions (Goodman et al., , 1984 Taghert et al., 1982) . Most peripheral sensory neurons in insects are also born in situ (Bate, 1978) but cell migration may be involved in some peripheral and postembryonic neurogenesis (Heathcote, 198 1; Mouze, 1980) . In the nematode Caenorhabditis elegans, some postembryonic neuroblasts migrate short distances from their ventrolateral birthplaces to enter the ventral nerve cord (Sulston and Horvitz, 1977 ) and a few embryonic and postembryonic neuroblasts and neurons undertake much longer longitudinal migrations (Sulston and Horvitz, 1977; Sulston et al., 1983) .
Cell migrations similar to those described here for T. rude are a common feature of gangliogenesis in glossiphoniid leeches. Such migrations were first observed in H. triserialis (Stuart et al., 1982; Weisblat et al., 1984) , where groups of cells corresponding to those of T. rude follow similar migration routes (Torrence, 1984, and unpublished observations) . Migration of groups of cells that correspond to at least some of the migratory neural precursors from the p and q bandlets in T. rude has also been observed in H. ghilianii (Stuart et al., 1982; D. K. Stuart and D. A. Weisblat, unpublished observations) .
Centripetal migrations of prospective central neuroblasts and glioblasts are not the only cell migrations that shape the leech nervous system: Some peripheral neurons also migrate centrifugally to reach their characteristic positions. For example, peripheral neurons nz 1, nz2, and nz3 arise within the presumptive ganglionic territory and must migrate laterad to reach the periphery (Weisblat et al., 1978) , and several other peripheral neurons (pz6, pzl0, LD2) arise near the lateral margin of the presumptive ganglionic territory and must also migrate to reach their more lateral definitive positions .
Despite the metamerically stereotyped architecture of the leech nervous system, significant regional differentiation of the adult leech nerve cord does exist. For example, the anterior-most 4 and posteriormost 7 segmental ganglia (belonging, respectively, to segments I-IV and XXVI-XXXII), which arise as distinct ganglionic rudiments in the embryo, are fused into compound subesophageal and caudal ganglia in the adult (Mann, 1962; Muller et al., 198 l) , and ganglia in the genital segments (IX, X) contain more neurons than the typical midbody ganglion (Macagno, 1980) . In addition, some identified neurons are present only in specific subsets of the segmental ganglia (Muller et al., 1981) . Such regional differences might arise early in development, possibly by regional modifications of the cell-lineage patterns that generate the neural tissues or of the migration patterns of neural precursors. Alternatively, the early development might be identical in all segments, with regional differences arising at later developmental stages.
The segments examined in this study (segments IV-XXII) include the genital segments (IX, X) and 1 of the 4 segments whose ganglia will fuse to form the subesophageal ganglion (IV), as well as segments that will contain "typical" midbody ganglia. No regional differences were observed in any aspect of cell migration studied here, although subtle differences, such as small differences in the number of migratory cells or in the numbers of their proliferative divisions en route, might have gone undetected. This finding supports the view that regional differences in the architecture of the leech CNS arise only after the initial condensation of the ganglionic rudiments. Stewart and Macagno (1984) have reached a similar conclusion on the basis of comparative cell counts in ganglia ofgenital and nongenital segments of the hirudid leech Haemopis marmorata. The earliest regional difference so far described among embryonic leech ganglia appears in the developing projection patterns of the Retzius neurons in the genital segments of Hirudo medicinalis, at the time when the newly formed ganglia are moving apart and the connective nerves are forming between them Leer et al., 1985; Mason et al., 1984) . Thus, with respect to the late genesis of segmental differences, the embryonic development of the leech CNS may differ somewhat from that of grasshoppers, where some segment-specific differences appear at the earliest stages of neurogenesis (Doe and Goodman, 1985) although for the most part a stereotyped segmental complement of neural cells arises in each ganglion and is subsequently remodeled by segment-specific patterns of cell death and differentiation (Goodman, 1982) .
